We observed residual stress relaxation by CO 2 laser irradiation in the cores of optical fibers by direct stress measurement. It was demonstrated that the mechanical stress was fully relaxed by CO 2 laser irradiation and that the remaining stress in the core was thermal stress that was due to a mismatch of the thermal expansion coefficients of the fiber core and cladding. The net core stresses after relaxation were 17, 68, and 203 MPa in Ge -B-codoped fibers drawn at 0.53, 1.38, and 3.48 N, respectively. Changes in the refractive indices of the cores as a result of residual stress relaxation were also estimated.
Residual stress in glass f ibers can affect the optical properties of the fibers. The refractive index can be changed by residual stress through the stress-optic effect. 1 Optical loss can also be increased by residual stress-induced Rayleigh scattering and structural imperfections in glass f ibers. Residual stress in the fibers results mainly from a superposition of thermal stress caused by a difference in thermal expansion coeff icients between core and cladding and mechanical stress induced by a difference in the viscoelastic properties of the two regions. 3 Electromagnetic radiation on glass can affect residual stress by ionizing constituents of the glass structure and by inducing the thermal effect. 4 Residual stress in optical f iber as a result of UV irradiation is known to increase tension, regardless of the sign of the initial stress, and has been attributed to structural modif ication of the core into a more-compact conf iguration owing to ionization of the wrong bond by the UV irradiation. 5 In comparison, the thermal effect is known to play a role in the change of residual stress that results from CO 2 laser irradiation. 4 Recently much attention has been paid to longperiod fiber gratings (LPGs), the periodicity of whose change in refractive index is several hundred micrometers, because of their simplicity of fabrication and ease of application for f iber-optic devices such as optical filters and fiber sensors. 6, 7 LPGs are usually made by irradiation of ultraviolet laser light upon bare fiber. Irradiation by a CO 2 laser was proposed as an alternative method of fabricating LPGs. 8 It was suggested that residual stress relaxation by CO 2 laser irradiation is a possible mechanism for change in refractive index. 8, 9 A CO 2 laser was used as a heat source to induce a change in refractive index by annealing of the stressed fiber in a periodic local area. Annealing is the process by which glass is heated to the glass-transition temperature and held at that temperature for a specific period of time (1 h), followed by slow cooling to room temperature. 10 In this annealing process the cooling rate is an important parameter because a high cooling rate, such as air quenching, can build up stress again at the surface of the glass. Although it was suggested that residual stress relaxation of optical fibers is one mechanism for changes in refractive index as a result of CO 2 laser irradiation, 8 no experimental result has yet been reported to directly support this theory.
We investigated the effect of CO 2 laser irradiation on residual stress, for the f irst time to our knowledge, by direct stress measurement of optical fibers to establish the mechanisms for change in refractive index induced by CO 2 laser irradiation.
A Ge -B-codoped preform was fabricated f irst through deposition of an inner cladding -core and subsequent sintering and collapse by modif ied chemical-vapor deposition. Fused-silica tubes were used as an outer cladding and a jacketing tube. Ge and B were doped for the core, but no dopant was used for the inner cladding. Then f ibers were drawn at various drawing forces ͑F ͒ of 0.53, 1.38, 3.43, and 3.48 N by the Ge -B-codoped preform and were designated FB 1, FB 2, FB 3, and FB 4, respectively. The f iber diameters were 123 mm, and the difference in refractive index between core and cladding of the Ge -B-codoped preform was 0.0105.
To investigate the effect of CO 2 laser irradiation on residual stress, we irradiated the bare f ibers with a pulsed CO 2 laser (Diamond, TM-62) of 10.6-mm wavelength without focusing; the schematic setup is shown in Fig. 1 . The diameter of the CO 2 laser beam, which determines the length of the irradiated region of the fibers, was 7.2 mm, and the laser beam had a Gaussian-like power distribution. The pulse frequency and the irradiation time for all irradiation were maintained at 450 Hz and 15 min, respectively. After the CO 2 laser irradiation, the fibers were cooled to room temperature in air. To apply constant tension on the fiber during the CO 2 laser irradiation, we attached a 3.1-g weight to the one side of the f iber. After the CO 2 laser irradiation, the axial stress distribution across the f iber at various axial positions d from the center of the irradiated zone was directly measured with the setup described in Ref. 11 . Figure 2 shows stress prof iles of the f ibers drawn at various drawing forces at irradiation center before and after CO 2 laser irradiation for a comparison. The regions of f iber cross section, namely, I, II, III, and IV in Fig. 2 , correspond to the core, the inner cladding, the outer cladding, and the jacketing tube, respectively.
In Fig. 2(a) we compare stress prof iles of the lowtension f iber (FB 1, F 0.53 N) before and after CO 2 laser irradiation. Before irradiation, the core was under a tension of 30 MPa at the peak, and the outer cladding and the jacketing tube were under slight compression or tension. The extent of residual stress is determined by the relative contributions of thermal and mechanical stress. 3 The tension in the core results from thermal stress induced by an increase in the thermal expansion coefficient caused by the addition of Ge and B to the core. The contribution of mechanical stress to compression, induced by a decrease in viscosity caused by doping, is small in the fiber. After irradiation, the core stress increased from 30 to 47 MPa at the peak.
However, in the case of higher-tension f ibers (FB 2, F 1.38 N; FB 4, F 3.48 N), the stress prof iles before the CO 2 laser irradiation were quite different from that of the low-tension fiber, as shown in Figs. 2(b) and 2(c). The stress prof iles before irradiation show that the core was under compression, that the outer cladding and the jacketing tube were under tension, and that the absolute values of the stresses increased with increasing drawing force. In the FB 4 f iber, the core and the outer cladding were under high compression (2145 MPa at the peak) and a tension of 19 MPa, respectively. These results are explained by the fact that mechanical stress, caused by a decrease in viscosity as a result of doping of Ge and B into silica, was more effective than thermal stress in the high-tension fibers. And, interestingly, significant compressive stress was found at the jacketing boundaries. After irradiation, the core stresses of f ibers FB 2 and FB 4 had changed significantly to tension and became almost the same as that of fiber FB 1 after irradiation. The compressive stress at the jacketing boundaries disappeared after the irradiation. Although all the fibers were quenched to room temperature in air after the CO 2 laser irradiation, no significant stress remained at the surface of the fibers. This was so because the diameter of the f ibers was too small to induce a radical variation in temperature during cooling. 3 The inset in Fig. 2(a) shows the net core stress [s z net s z core (peak stress at core) 2s z clad (mean stress of claddings and jacketing tube)] of the f ibers drawn at various drawing forces before and after irradiation. Although the residual stress of the f ibers before irradiation, which internally includes mechanical stress, depends linearly on the drawing force, the net core stresses of the fibers after irradiation were almost the same (FB 1, 47 MPa; FB 2, 52 MPa; FB 4, 45 MPa). These results indicate that the mechanical stress is relaxed by the CO 2 laser irradiation; the remaining stresses in the cores of the fibers are solely thermal stress caused by the difference in composition of core and cladding. Figure 3 (a) compares stress prof iles of the hightension fiber (FB 4, F 3.48 N) at various axial positions before and after CO 2 laser irradiation. If the axial position was far from the irradiated region, i.e., at d $ 5 mm, the stress prof ile was almost the same as that before irradiation. Where d was smaller than 5 mm, the stress prof ile was significantly changed by the irradiation. At d 1 mm, the core and the outer cladding were under 48-and 2-MPa tension, respectively, at the peak.
To examine the residual relaxation of the net core stress relative to distance from the irradiation region, we plotted the net core stresses at similar tensions, Fig. 2 . Axial stress prof ile of f ibers drawn with drawing forces of 0.53, 1.38, and 3.48 N at the irradiation center before (dotted curves) and after (solid curves) CO 2 laser irradiation with an output power of 75.1 W. Inset, net core stress of the fibers before (circles) and after (squares) irradiation. Fig. 3(b) . The output power of the CO 2 laser was 22.5 W for FB 3 and 72.1 W for FB 4. The net core stress versus axial position curves was well f itted by the Gaussian distribution function at the lower irradiation power (22.5 W). At the higher irradiation power (72.1 W), the mechanical stress was easily relaxed. At d # 2 mm, the net core stress was almost constant at the maximum relaxation point after the irradiation. Then the remaining residual stress underwent relaxation following a Gaussian curve. These results show that residual stress relaxation depends on the power density of the CO 2 laser beam and that the output power of 72.1 W is enough to relax the mechanical stress fully at d # 2 mm.
We estimated the change in refractive index Dn r of the core from the relaxed residual stress s z and the stress-optic coefficient C b by using the relation Dn r ഠ C b s z . 12 The decreases in refractive index that resulted from the residual stress relaxation in the cores of the fibers, 17 MPA for FB 1, 68 MPa for FB 3, and 203 MPa for FB 4, were found to be 7.1 3 10 25 , 2.9 3 10 24 , and 8.5 3 10 24 , respectively. The variation of the stress-optic coeff icient caused by a dopant was negligibly small, 10 so the coeff icient for the core was assumed to be the same as that of silica glass ͑24.2 3 10 212 Pa 21 ͒.
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Inasmuch as mechanical stress, a component of the residual stress relaxed by CO 2 laser irradiation, is proportional to the drawing force, the change in refractive index that is due to residual stress relaxation depends linearly on the drawing force. The change in refractive index ͑8. 5 3 10 24 ͒ that is due to residual stress relaxation in fiber FB 4 is enough to inscribe LPGs in the fiber. 14 In conclusion, we have used direct stress measurement to show the residual stress relaxation that results from CO 2 laser irradiation. We have demonstrated that mechanical stress is fully relaxed by CO 2 laser irradiation and that the remaining stress in the core is the inherent thermal stress that is due to the mismatch of the thermal expansion coefficients of the f iber core and the cladding. The relaxation of net core stress was proportional to the drawing force, and the decrease in refractive index that was due to residual stress relaxation was estimated to be 8.5 3 10 24 in the Ge-B-codoped fiber drawn at 3.48 N.
